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Abstract
We have successfully integrated a rare-earth-transition metal (RE-TM) ferrimag-
netic alloy, Tb18Co82, with strong out-of-plane magnetic anisotropy, within a gold
truncated cone-shaped plasmonic nanoantenna. These hybrid three-dimensional mag-
netoplasmonic nanoantennas are patterned as extended arrays, resulting in a narrow
Fano-type resonance, referred to as a surface lattice mode which arises through the in-
terference of a Rayleigh anomaly and the localized surface plasmon, resulting in abrupt
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spectral features for which the Faraday ellipticity is amplified and changes sign in a
narrow (≈ 10 nm) spectral window. This magneto-optical surface lattice mode exhibits
significant angular dispersion, and we demonstrate and explain using Maxwell-theory
simulations, how its spectral position can be tuned by simply varying the angle of in-
cidence. The design concepts presented here can be utilized for the design of a new
generation of magnetoplasmonic angle sensors, as well as for the building blocks of
magnetoplasmonic nanoantennas suitable for enhancing the light-matter interaction
for all-optical switching of the magnetization in RE-TM ferrimagnetic alloys.
Plasmonics as a means to localize and enhance electromagnetic fields, has been suc-
cessfully applied in the areas of biosensing1,2, optical trapping3, hot-electron transfer4, heat-
assisted magnetic recording5,6, as well as in the development of integrated photonic circuits7,8
and metasurfaces9–12. However, for a number of applications, which include modulators and
optical switches, but also next-generation plasmonic biosensors13,14, amplification and con-
finement of the electromagnetic field needs to be accompanied by active tunability. This
sub-field, called active plasmonics, explores systems where the optical properties can be
tuned using an external stimulus15. Much work has already been devoted to explore mecha-
nisms by which active control of optical responses can be achieved, including, thermal14,16,17,
electrical18,19, and chemical approaches20,21. However, there still exists a number of limita-
tions for these active devices, which pertain to combining large tuning bandwidth alongside
fast switching times and long-term stability15.
Magnetoplasmonics merges magnetism with nanophotonics22, where active tunability is
achieved through the use of external magnetic fields23–31. These fields are used to ma-
nipulate the magnetization of the magnetoplasmonic nanoantennas, which in turn affects
the optical response, mediated through magneto-optical (M-O) effects. Previously, ferro-
magnetic plasmonic systems were considered unrealizable, due to the high-optical losses
associated with the transition-metal ferromagnets. However, to a large extent, these can be
overcome through nanopatterning32,33 and materials engineering and fabrication of hybrid
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noble metal-ferromagnetic nanonantennas34–38. Further enhancement is achieved through
linewidth engineering35,39,40, where high Q-factor resonances can be engineered in ordered
arrays of magnetoplasmonic nanoantennas, exciting surface lattice modes (SLMs). As a
direct consequence of the nanoantenna’s magnetization, a significant modulation of the plas-
monic enhanced M-O effects can be obtained41. This tunability relates to the magnitude of
the Voigt parameter of the ferromagnetic material, as well as to the plasmonic field enhance-
ment of the nanoantenna42. Magnetization switching times are sub-ms for magnetic field
induced switching23, reaching ns or even sub-ps timescales if spin-transfer torque43 or all-
optical switching mechanisms44 are employed. Furthermore, exploiting magnetic anisotropy
effects, the magnetization can be stabilised in a desired direction and M-O effects can be
recorded at zero external field.
In this letter, we demonstrate the functionalities of a magnetoplasmonic nanoantenna
array incorporating an amorphous rare-earth-transition metal (RE-TM) ferrimagnetic al-
loy, exhibiting perpendicular magnetic anisotropy (PMA)45. We show that this hybrid
Au/Tb18Co82 system can provide high Q-factor M-O resonances, thus overcoming the losses
associated with RE-TM alloys. Using Maxwell-theory modelling, we show that this is
achieved through the resonant collective excitation of surface lattice modes (SLMs) which
exhibit a strong angular dispersion. This is achieved through the interference of a Rayleigh
anomaly with the LSP on the hybrid noble metal RE-TM nanoantenna, giving rise to SLM
resonances in both the optical and magneto-optical spectra with characteristic Fano-type
asymmetric lineshape. We demonstrate and explain an exceptionally strong spectral tun-
ability of the spectral position of the resonance which can be tuned by varying the angle
of incidence of the incoming light, exemplifying the potential of these magnetoplasmonic
surfaces for active devices and angular sensors, something which is developing new interest
for emerging optical systems46.
The use of RE-TM alloys is of particular interest for future magnetoplasmonic devices for
three key reasons. First, they are known to exhibit very large M-O activity47,48 and there-
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fore permit potentially a high M-O tunability. Secondly, they can exhibit strong PMA, yet
with an amorphous texture45,49–52. Freire-Fernández et al. 53 fabricated magnetoplasmonic
Co/Pt nanodots showing PMA, demonstrating tenfold enhancements in M-O activity and
the potential of out-of-plane magnetic anisotropy materials in magnetoplasmonic systems.
However, the amorphous texture of RE-TM alloys greatly simplifies the otherwise stringent
requirements on material microstructure for obtaining these desired magnetic properties. As
such, they can be grown on noble metals, such as Au, with minimal residual stresses, and
with highly smooth interfaces, thereby maintaining much of their original magnetic prop-
erties after lithographic patterning. With PMA, the remanent magnetization state of the
Tb18Co82 ferrimagnetic tip can be orientated parallel to the light propagation direction for
normal incidence illumination. This allows for direct measurement in the Faraday configu-
ration, without the need of external magnetic fields in order to stabilize the magnetization
along the light propagation direction. Thirdly, RE-TM alloys such as Tb18Co82, have ex-
perienced renewed interest due to the demonstration of enhanced spin-orbit torques54–56
and all-optical switching45,57,58, allowing for zero-field magnetic switching, on picosecond
timescales, with the use of pulsed lasers. Demonstrating the compatibility of these materials
with plasmonic antennas is of importance for developing sub-diffraction limited all optical
switching technologies59.
Our nanoantenna structure is based on the plasmonic nanocone geometry which been
shown to exhibit a very strong field enhancement60 (e.g., effective surface enhanced Raman
signal ∼ ×105), with the electromagnetic field concentrated at the nanocone tip60,61. Large
arrays of hybrid Au/Tb18Co82 magnetoplasmonic truncated nanocones (TNCs), as shown
schematically in Figure 1a, were fabricated (see Methods, and for material details, see Ciuci-
ulkaite et al. 45). Transmission spectroscopy measurements from two TNC arrays with base
diameters, DB = 179 ± 5 nm and 227 ± 4 nm, are shown in Figure 1d-g. The incidence an-
gle (αi) was varied, with the sample orientated azimuthaly such that momentum component
~k|| is directed along either the 340 nm periodicity (φi = 0, Figure 1d and f) or the 425 nm
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periodicity (φi = 90◦, Figure 1e and g) directions.
To investigate the potential tunability and reduction in plasmon linewidth achievable
through SLMs in hybrid Au/Tb18Co82 nanoantennas, finite-element Maxwell-theory simula-
tions were implemented in COMSOL R© (see Supporting Information for further details). We
simulated truncated nanocones (TNCs), with layer structures of Au(80 nm)/Tb18Co82(15
nm) and base diameter, DB = 179 nm. The choice of dimensions was based on a dimension-
ality study, where it was observed experimentally that the reduced dimensionality associated
with non-truncated nanocones, results in an almost complete loss of any M-O activity (see
Supporting Information). The TNCs are arranged in a rectangular array, as schematically
shown in the top of Figure 1a, with a = 340 nm and b = 425 nm periodicity. The incidence
angle (using the optical convention), αi, defines a scattering plane which is either parallel to
the xz plane with azimuthal angle φi = 0 or parallel to the yx plane with azimuthal angle
φi = 90◦.
SLMs are generally observed close to a Rayleigh anomaly. For a given αi and lattice
periodicity, a Rayleigh anomaly exists where a diffracted order is directed parallel to the
grating62. This represents the passing-off of a diffraction order through a laterally excited
beam. There can exist a large number of diffracted modes, which are labeled by two integers
n and m. The modes are obtained by imposing that the component of the light wave-vector
normal to the lattice surface is real, through the expression
k⊥ =
√
k2s −
(
k‖ +mG1 + nG2
)2
> 0. (1)
In the above formula, ks = 2pinsub/λ corresponds to the light wave-vector in the sub-
strate, where nsub is the refractive index of the fused silica substrate (nsub = 1.45), k‖ =
k0 [sin(αi) cos(φi) ux + sin(αi) sin(φi) uy] corresponds to the wave-vector component paral-
lel to the lattice surface and G1 = (2pi/a) ux, G2 = (2pi/b) uy are the reciprocal lattice
vectors, with ux and uy being the reciprocal lattice unit vectors. The number of diffraction
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modes depends on the lattice dimensions, the angle of incidence, the refractive index of the
substrate and the light wavelength. For wavelengths greater than 600 nm, Equation (1) indi-
cates that it is only the diffracted modes (n = 0 ; m = −1) for φi = 0 and (n = −1 ; m = 0)
for φi = 90◦ which can be obtained by varying the incidence angle (see Supporting Infor-
mation). The analytical expressions for these two substrate modes can be obtained from
Equation (1),
λ
[0,−1]
R = a [nsub + nair sin (αi)] for φi = 0, (2)
λ
[−1,0]
R = b [nsub + nair sin (αi)] for φi = 90
◦, (3)
where nair is the refractive index of air.
The calculated transmission spectra are shown in Figures 1b and c, and in all the
calculations (and subsequent measurements) the light is p-polarised, such that the incident
electric field lies in the scattering plane. It can be seen that an LSP is excited at 690 nm
when the array is illuminated at normal incidence (αi = 0◦). This LSP is associated with an
electric dipole-type plasmon, which for φi = 0◦ (Figure 1b) oscillates in the xz scattering
plane and for φi = 90◦ (Figure 1c) oscillates in the yz scattering plane. In Figure 1b, for
which φi = 0; λ
[0,−1]
R is associated with modes along the 340 nm periodicity and is tunable
through αi. Analysing the allowed λ
[n,m]
R from Eq. (2), we find that for a = 340 nm, λ
[0,−1]
R
= 493 nm, 552 nm, 581 nm and 609 nm for αi = 0, 10, 15, and 20 degrees, respectively.
Since for φi = 0 the scattering plane is orthogonal to the 425 nm periodicity, for all αi, λ
[−1,0]
R
= 616 nm. As such, there is no spectral overlap of any λ[n,m]R with the localized surface
plasmon (LSP) and the transmission spectra show no dependence on αi for the range of αi
investigated.
When φi = 90◦ (Figure 1c), αi operates within the yz scattering plane and we use Eq.
(3) to calculate λ[−1,0]R . Here, λ
[−1,0]
R can be tuned with αi, and λ
[0,−1]
R = 493 nm for all αi
due to the orthogonality between the new scattering plane and the 340 nm periodicity. In
this configuration, substantial tuning of the transmission spectrum is possible through the
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variation of αi. The high sensitivity of the spectra to αi is a result of the strong overlap of
λ
[−1,0]
R with the LSP, whereby λ
[−1,0]
R = 616 nm, 690 nm, 726 nm and 762 nm for αi = 0, 10,
15, and 20 degrees, respectively, which is in excellent agreement with the abrupt spectral
features observed in Figure 1c, as indicated by the coloured arrows.
In the Fano-type resonance description63,64, the LSP mode represents a continuum of
states, whereas the Rayleigh anomaly represents a narrow mode, which upon interfering
with the continuum, results in the characteristic asymmetric lineshape of the SLM. A similar
behaviour in magnetoplasmonic nanoantennas has been demonstrated for pure Ni nanoan-
tennas, by Maccaferri et al. 40 and Kataja et al. 39 . In these studies, the overlap between λ[n,m]R
and the LSP was tuned by varying the lattice periodicity of the magnetoplasmonic crystal.
Here, we show that there is a much simpler alternative, whereby the SLM can be tuned by
exploiting the angular dispersion of λ[n,m]R , in effect allowing dynamic lineshape engineering
in a single sample. Such behaviour has been observed in the transmission/reflectance of
non-magnetic plasmonic arrays65, but this is the first demonstration of angular tunability in
a magnetoplasmonic system, for which M-O effects can be explored.
The dipolar radiation field is strongest transverse to the dipolar LSP oscillation axis
given by pE. In our simulations we used p-polarised light and hence the electric dipole
excitation within individual TNCs is orientated within the scattering plane and parallel
to the diffraction anomaly. However, since this dipole can not radiate along the oscillation
direction, there must exist an additional mechanism for light to be scattered along the 425 nm
periodicity direction for the excitation of the Rayleigh anomaly and resulting SLM observed
in Figure 1c. With illumination at oblique incidence, there is the possibility to excite an
out-of-plane component to the electric dipole, which we further confirmed by COMSOL R©
simulations in the Supporting Information. This out-of-plane dipolar component would
radiate in all directions within the plane of the lattice66, and hence is responsible for the
excitation of all λ[n,m]R , e.g. [-1, 0], [0, -1], [-1, -1] modes for p-polarised light.
The measured transmission spectra are shown in Figure 1d-g, for which in the φi = 0
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configuration, for the αi investigated, λ
[0,−1]
R does not overlap with the LSP and the transmis-
sion spectra show little dependence on αi. This is in agreement with COMSOL R© simulations
for DB = 179 nm, although the LSP itself exhibits a red-shift alongside some spectral broad-
ening, which could be a result of the Al2O3 layer and oxidation of the exposed Tb18Co82
side-walls on the fabricated TNCs. In Figures 1d and f, there is a feature between 500 - 600
nm which migrates to longer wavelengths as αi increases which is most likely due to λ
[0,−1]
R ,
since it occurs at the same spectral positions for both the DB = 179 nm and 227 nm samples,
suggesting its origin relates to the lattice and not the LSP resonance.
When the sample is rotated into the φi = 90◦ configuration (Figures 1f and g), strong
variations in the transmission spectra are observed. These are in good agreement with
the COMSOL R© simulations, in both spectral position and lineshape, albeit with reduced
amplitude. For both DB = 227 and 179 nm samples, the αi = 0 measurements show a small
blue shift of the LSP for the φi = 90◦ configuration relative to the φi = 0 configuration. As
shown in the inset scanning electron microscopy images, the TNCs are not perfectly circular
and this discrepancy is likely a result of this. The transmission spectra between the two
samples differ, even though they have identical periodicities. These differences are driven
by the different LSP resonances, where the larger DB = 227 nm TNCs exhibit a broader
linewidth than the smaller DB = 179 nm TNC array. The broad spectral distribution of
the DB = 227 nm TNC allows for a larger tuning bandwidth, such that there exists a larger
range of αi for which λ
[−1,0]
R overlaps with the LSP. In fact, in this case the high plasmonic
losses associated with the Tb18Co82 layer increase the available bandwidth for tuning and
demonstrates an important trade-off that should be considered in future angular sensor
device designs.
The Fano-like resonances in the transmission spectra, although tunable, are still relatively
broad. However, resonances in M-O spectra can yield higher Q-factors67 and we now discuss
the M-O activity of these samples. Maccaferri et al. 68 showed that an out-of-plane magneti-
zation in the presence of the electric dipolar plasmon gives rise to a magneto-optical dipolar
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plasmon (pMO) which is orientated orthogonal to pE and is induced in the ferromagnetic
layer. This transverse oscillation is induced via spin-orbit coupling, generating an oscillation
of conduction electrons in-the-plane but orthogonal to pE. With the use of p-polarised light,
the pure optical dipole is orientated along pE and the transverse M-O dipole is aligned along
pMO, as shown in the accompanying schematics on the far-left of Figure 2. Hence, the use
of p-polarised light results in the M-O dipole induced in the Tb18Co82 layer which radiates
strongly in the scattering plane, and is therefore expected to be most sensitive to the angular
dispersion of the SLM as the magnetoplasmonic lattice is rotated through αi.
In Figure 2 the Faraday rotation (θF), Faraday ellipticity (ηF) and Faraday angle (ΘF =√
θ2F + η
2
F) are presented. COMSOL
R© simulations of the Faraday effect using permitivity
values measured for a Tb18Co82 thin film are shown in Figure 2 (left column) for theDB = 179
nm TCN array (see Supporting Information for details). Through fitting a Lorentzian to the
αi = 0 transmission and ΘF spectra for the φi = 0 configuration shown in Figures 1b and 2a,
it is estimated from the COMSOL R© simulations that the M-O resonance exhibits a two-fold
reduction in linewidth relative to the pure optical resonance. As with the transmission curves,
ΘF shows no angular dependence for this configuration where the λ
[0,−1]
R mode is activated,
which does not exhibit spectral overlap with the LSP. This behaviour is reproduced in the
measured DB = 179 nm and DB = 227 nm arrays in Figures 2b and c respectively.
Alike the transmission spectra, the Faraday spectra show strong dependence in the φi =
90◦ configuration and suggest that sizeable Faraday angles of up to 0.3◦ can be obtained.
The simulated spectra (left column) suggest that extremely sharp features exist, coinciding
with λ[−1,0]R , as indicated by the coloured arrows. The Rayleigh anomaly is strongest through
the substrate and the observation of strong diffractive effects in the Faraday spectra indicates
that the M-O dipole induced in the Tb18Co82 layer is transferred to the rest of the TNC
through proximity, in agreement with Pourjamal et al. 37 .
The experimental M-O spectra measured for the DB = 179 nm TNCs, shown in Figure
2 (middle column, e, h, and k), the curves compare very well to those obtained from the
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calculations for the same structure shown in Figure 2 (left column, d, g and j), again, al-
beit with a slightly reduced amplitude. The excellent reproduction of the measured spectra
through COMSOL R© simulations demonstrates the suitability of combining finite-element
methods with experimentally measured thin-film permitivity values for the design of mag-
netoplasmonic devices. For the DB = 227 nm TNCs, as shown in Figure 2 (right column, f,
i and l), there is a stronger Faraday effect, but with broader spectral features, demonstrat-
ing the trade-off between incorporating more magnetic material in the nanoantenna whilst
maintaining small dimensions for narrow plasmonic resonances.
It is clear that off-resonance it is not possible to measure the magneto-optical response
from the Tb18Co82 nanocones, where values of θF and ηF quickly reduce to values comparable
to the measurement uncertainty. In effect, the LSP amplifies the minute magnetic signals
which ordinarily wouldn’t be resolvable with a conventional M-O measurement. From scan-
ning electron microscopy images taken post ion beam milling, it is possible to estimate the
truncation diameter (DT). For the DB = 179 nm TNC arrays, this amounts to a Tb18Co82
disk with DT = 86± 10 nm. This yields a percentage Tb18Co82 coverage (ρc) of 4%, which
can be considered as an effective thickness of ρctTbCo, where tTbCo = 15 nm is the Tb18Co82
thickness within the TNC. Astonishingly, this yields an effective thickness (i.e. the thickness
of a film made with the same quantity of material) of approximately 0.6 nm, of the order of
one monolayer, demonstrating the enormous amplification obtained through the LSP.
The experimental θF, ηF and ΘF curves all show abrupt features that onset with the
excitation of the SLM associated with λ[−1,0]R in the φi = 90
◦ configuration. Just prior to the
SLM, there is the greatest change in M-O activity for the smallest change in wavelength.
Since this feature is dependent on the spectral position of λ[−1,0]R , it can be tuned by varying
αi, indicating the potential use of such devices as angular sensors. This is explored in
Figure 3a, where hysteresis loops are recorded through measurements of the transmitted
light ellipticity at a wavelength of 730 nm for the DB = 227 nm TNC array for different αi.
The Tb18Co82 tips maintain PMA even after the lithography process, which is clear from
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the large remanent magnetization observed in the hysteresis loops in Figure 3a, reducing the
magnetic field strength required to saturate the sample along the out-of-plane direction.
The dynamic tuning of the M-O activity available through varying αi is profound, re-
sulting in a dramatic change in the magnitude of ηF, where extraordinarily at αi = 15◦ the
loop is inverted. The inset in Figure 3a shows a magnified view of ηF for the spectral region
around the SLM; it is clear that this sign change in ηF is associated with the migration of
the SLM to the measurement wavelength of 730 nm. This is explored further in Figure 3b
where the change in Faraday ellipticity (δηF) between successive wavelength increments (∆λ
= 5 nm) is plotted. Since the gradient of this spectral feature is positive, the δηF < 0 data
has been excluded from the fits.
It is evident that δηF is largest in this region where ηF undergoes a sign change, which in
turn is tunable by varying αi. This dynamic tuning of the SLM could be used in refractive
index sensing where the spectral region of maximum sensitivity can be tuned by varying the
angle of incidence, thereby allowing the user to operate in a spectral region where the solute
(e.g. blood, water) is minimally absorbing69. Alternatively, deviations from a set angle or tilt
could be measured in terms of reduced magneto-optical activity for applications in control
systems.
Lorentzian functions have been fitted to the δηF data, in order to estimate the spectral
width of this abrupt transition in ηF. Due to the limited number of data points on this
abrupt spectral transition, a reliable estimate of the FWHM is difficult to obtain from these
fits, however, all values are within the 5-10 nm range (which is comparable to the wavelength
resolution of the setup) with the exception of the αi = 10◦ where a FWHM of 24± 10 nm is
obtained due to the anomalously large error on this particular measurement.
The PMA in these samples allows for the measurement of the magnetic differential ab-
sorption of circularly polarised light (which underpins ηF), without the need for a large
out-of-plane magnetic field to stabilize the magnetization along the propagation direction
of the light. A time varying polarisation light helicity is incident on the sample and we
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measure the ratio, Cqω/Cq◦ which is proportional to the differential absorption of circularly
polarised light (see Methods) for the two opposing polar magnetization states (q = ±M).
Figure 4a shows several spectra for the DB = 227 nm sample for different values of αi, in
the φi = 90◦ configuration and zero magnetic field. The spectra minima strongly depend on
αi. Furthermore, the amplitude of Cqω/Cq◦ can be modulated by reversing the magnetization
(q = +Mz → −Mz, and vice versa), as indicated by the variation between the dashed and
solid curves. The TNC array therefore exhibits active tunability, whereby absolute trans-
mission can be enhanced or attenuated with the use of a magnetic field. Similar effects have
been observed by Zubritskaya et al. 34 for a magnetoplasmonic trimer system, however, a field
was required to orient the magnetization out-of-plane throughout the measurement, whereas
in this study a field is only required to initialise the magnetic state. An additional tun-
ing is incorporated through αi whereby the spectral location of this maximum for magnetic
modulation can be tuned with the SLM. Additionally, by using a class of material known
to exhibit all-optical switching45, this could enable the removal of the external field entirely,
whereby the transmission would be modulated remotely using a laser57,59, avoiding the need
for electromagnet coils which are challenging to miniaturise.
The difference between the measured helicity dependent transmission between the two
antiparallel magnetization states gives the available magnetic modulation (see Methods)
which is plotted in Figure 4c. The dispersion of the SLM calculated from equation (3) is
given by the dashed lines. Here, it is clear that the SLM dictates the onset wavelength for
the magnetic modulation of the differential circular transmission, meaning that the peak
sensitivity can be tuned to any wavelength between 650 nm - 800 nm. This tunability range
is governed by the FWHM of the LSP in the transmission spectra. Modest modulations
of around 0.5% are obtained, however, we believe there is enormous scope for improvement
through optimisation of RE-TM and Au thicknesses alongside the nanoantenna geometry,
including exploring new geometries which can exhibit plasmonic dark-modes, which result
in a stronger plasmonic enhancement of the M-O activity than can be achieved with the
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dipolar plasmons in this study70.
In conclusion, we demonstrated the successful integration of a RE-TM materials within
a hybrid magneto-plasmonic nanoantenna array. A strong angular dispersion is obtained
through the interference of the Rayleigh anomaly and the LSP, producing a sharp SLM
in both the optical and M-O spectra. We showcase dynamic tunability of the SLM using
the light incidence angle, which modifies the M-O response of the sample, as we explained
using Maxwell-theory simulations. In addition, we measured the magnetic modulation of
the differential circular transmission of the samples in a zero field measurement, exploiting
the PMA present in the TNCs. Similar tunability was observed in these measurements as
that obtained in the Faraday effect measurements, but with the underlying phenomena being
related to the magnetic circular dichroism of the Tb18Co82 layer. The integration of RE-TM
materials within plasmonic systems, as shown here in our work, offers great promise for
highly tunable, fast all-optical switching, active plasmonic devices22,59.
Methods
Sample Fabrication
The plasmonic nanoantennas are fabricated using a top-down approach, based on the method
outlined by Horrer et al. 60 . Au(80 nm) films were deposited using electron-beam evapora-
tion onto glass substrates. Later, Al2O3(3.5 nm)/Tb18Co82(15 nm)/Al2O3(2 nm) films were
sputter deposited onto these films, with the complete structure being Au(80 nm)/Al2O3(3.5
nm)/Tb18Co82(15 nm)/Al2O3(2 nm). The Tb18Co82 layer was deposited through co-sputtering.
The additional thin Al2O3 layers were used as capping and isolating layers for the Tb18Co82.
Here, the composition of the film can be varied by adjusted the relative power of the Co
and Tb magnetrons. Calibration films were made with different power ratios on the two
magnetrons and compositions were verified using Rutherford back scattering. Electron beam
lithography was used to define disk shaped apertures in a MicroChem 496PMMAA4 electron-
beam resist. Electron-beam evaporation was used to deposit an Al mask through the resist
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followed by removal of the PMMA mask with Acetone. The resulting structure was then
milled at a 5 deg incidence angle with sample rotation, removing all material unprotected
by the Al mask. Any remaining Al mask was then removed with the photoresist developer
microdeposit 351, which in this case was used as a selective etcher to target the Al. A conical
profile is induced through a combination of the small lateral component of the milling which
depends to some extent on the small milling incidence angle71. In our samples, this results
in a constant slope profile of approximately 62 deg for all nanoantenna arrays. Therefore, by
varying the diameter of the Al mask, the resulting structures can be tuned from truncated
to conical profiles.
Magneto-optical characterisation
The experimental values of θF, ηF and ΘF were measured using the photoelastic modulator
methodology with an applied field of 450 mT along the light propagation direction, which
is described in the Supporting Information. A quadratic polynomial was fitted to the raw
θF data in order to subtract the background contribution which arises from the Faraday
rotation of the fused-silica substrate, which is strongest for short wavelengths and decreases
for longer wavelengths72.
For the differential absorption of circularly polarised light measurement, a time varying
light polarisation, which alternates between left and right circularly polarised light states at
50 kHz was generated using a photoelastic modulator (PEM) and directed at the sample at
normal incidence. This is achieved by passing linearly polarised light orientated at 45◦ to the
fast axis of the PEM, with the PEM retardation set to 0.25 wavelengths. Any mechanism in
the TNC array which results in a difference in absorption for opposite helicities (including
magnetic circular dichroism) will contribute to an oscillating light intensity at the detector
at the photoelastic modulator frequency. It is common to express this measurement as
the ratio Cqω/Cq◦ , where Cqω is the amplitude of the ω = 50 kHz signal for a fixed polar
magnetization q = ±Mz, and Cq◦ is the DC signal intensity, which contains the helicity
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independent absorption contribution. Prior to the measurement, a saturating magnetic field
was used to initialise the magnetization along the light propagation direction (q = +Mz)
and then removed. For the subsequent measurement, the magnetization was saturated in
the opposite polar direction (q = −Mz) and the measurement repeated.
It is important to note that the spectra in Figure 4a contains additional fake CD con-
tributions, which arise from leaking-in of the large linear dichroism signal as a result of the
rectangular array with which the nanostructures are arranged. By observing the difference
between the antiparallel magnetization states, namely ∆[Cω/C◦], these effects, which are
independent of the magnetization, can be subtracted out, yielding the available magnetic
modulation. We define this magnetic modulation of the helicity dependent transmission as
(C−Mzω − C+Mzω )/(C−Mz◦ + C+Mz◦ ), and this quantity is plotted in Figure 4c as a function of
both αi and wavelength.
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Figure 1: Schematic of the experimental configuration for the measurement of the spectral
dependence of the Faraday effect.
The spectral dependence of the Faraday rotation and ellipticity is measured using a pho-
toelastic modulator (PEM), as outlined in the schematic shown in Figure 1. These devices
provide a fast, low-noise, and highly sensitive method to characterise the resulting light po-
larisation state after being transmitted through the sample. A mercury lamp is used as a
broadband light source. Wavelengths are selected using a Newport Cornerstone monochro-
mator. The monochromated light passes through a pair of lenses, and a polariser. Focusing
lenses are used to maximize the light intensity passing through the narrow bore in the elec-
tromagnet and are placed before the first polariser, to ensure the incident polarisation state
is linear p-polarisation. Additionally, a 400 nm high-pass filter cuts in for wavelengths longer
than 600 nm to remove shorter harmonic wavelengths which arise from the monochromator
grating. Light which is transmitted through the sample (at an incidence angle, ↵i) passes out
2
through the second electromagnet pole piece and is collect by an addition focusing lens. This
light then passes through the PEM and then the analysing polariser (which is set at 45 deg)
before being focused onto the photomultiplier tube (PMT) (Hamamatsu H11901-20). The
PEM and analysing polariser combination induces and oscillating signal with harmonics at
50 KHz and 100 KHz, which correspond to the first and the second harmonics of the PEM
oscillation frequency. The first and second harmonic voltages from the PMT, referred to
as V1F and V2F respectively, are measured with two Stanford Research Systems SR830 lock-
in amplifiers, with analogue outputs feeding into a National Instruments data acquisition
card. The DC PMT voltage (VDC) is recorded directly by the data acquisition card. It has
been shown elsewhere1,2 that the ratio of V1F/VDC and V2F/VDC are to a second-order ap-
proximation, directly proportional to the Faraday ellipticity (⌘F) and Faraday rotation (✓F)
respectively. Using the Meuller-Stokes formalism, the following expression can be derived
⌘F =
1
2
p
2J1(A)
V1F
VDC
(1)
✓F =
1
2
p
2J2(A)
V2F
VDC
(2)
where J1 and J2 are the first and second order Bessel functions of the first kind, respectively,
with A = 2.405 rad.
Ellipsometry of a Tb18Co82 film
The experimentally derived diagonal ("xx) and off-diagonal ("xy) components of the permi-
tivity tensor for a 30 nm Tb18Co82 film are shown in Figure 2 and Figure 3. The film is
considered optically thick, such that any contribution from the substrate can be suitably
neglected. The complex diagonal components, "xx were measured using standard ellipsome-
try with a PEM, as described in ref.3. With these values, the off-diagonal components, "xy
can be extracted from measurements of the polar Kerr rotation and ellipticity. For this, the
configuration outlined in Figure 1 is modified, such that the lens-PEM-polariser-PMT com-
3
500 600 700 800
Light wavelength (nm)
0
5
10
15
20
25
30
R
el
at
iv
e 
pe
rm
itt
iv
ity
: T
b 1
8C
o 8
2
-Re (ε
xx
)
Imag (ε
xx
)
Figure 2: Experimental measurements of
the real (black stars) and imaginary (red
stars) part of the diagonal dielectric func-
tion elements "xx for Tb18Co82.
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Figure 3: Experimental measurements of
the real (black stars) and imaginary (red
stars) part of the non-diagonal dielectric
function elements "xy for Tb18Co82.
bination is moved to the left-hand side, such as to work in reflection, with a small incidence
angle of 5 deg. This is the polar magneto-optical Kerr effect configuration and Equations
(1) and (2) are still valid, but for the Kerr ellipticity and Kerr rotation respectively.
With measurements of the Kerr rotation (✓K), Kerr ellipticity (⌘K), as well as the diagonal
permitivity "xx, the off-diagonal permitivity component "xy can be extracted using4:
"xy =  i(✓K + i⌘K) [p"xx("xx   1)] (3)
Dimensionality and the plasmonic enhancement of the Faraday ef-
fect.
The spectral behaviour of the Faraday rotation (✓F ) and Faraday ellipticity (⌘F ) is shown in
Figure 4. The plasmonic enhancement of the Faraday effect can be observed between 650 and
750 nm, for various truncated nanocone (TNC) base diameters. These measurements were
performed at normal incidence with the light polarisation parallel to the 425 nm periodicity
direction. As expected, with increasing base diameter, the Faraday enhancement red-shifts
to longer wavelengths and becomes broader for both ✓F and ⌘F . This is consistent with
the spectral broadening and red-shift associated with the weaker confinement of the LSP,
4
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Figure 4: Comparison of the Faraday rotation (✓F) and Faraday ellipticity (⌘F) for different
base diameter TNC arrays. The insets show the dependence of the peak ✓F and ⌘F wavelength
as function of base diameter.
by reducing the depolarising field through retardation effects with increasing dimension5.
The wavelength for which the largest absolute value of ✓F and ⌘F occurs ( max✓F and  
max
⌘F
respectively) is plotted in the respective figure insets, against nanoantenna base-diameter.
Comparable trends are observed for both ✓F and ⌘F .
The enhancement of the Faraday effect is smaller for TNCs with reduced base diameter,
since as the base diameter is reduced, the volume of the Tb18Co82 tip is reduced dramatically.
Consequently, the magnetization falls off rapidly, and for base diameters below 146 nm, it is
5
not possible to measure the Faraday effect. Corresponding transmission curves for the three
largest base-diameter TNCs are shown in Figure 5. The light polarisation is parallel to the
425 nm periodicity direction and a spectral broadening and redshift is observed for increasing
base diameter. The wavelength of minimum transmission ( minT ) is plotted alongside TNC
base diameter, closely resembling the trend observed for  max✓F and  
max
⌘F
in Figure 4. There
is a minimum observed at 425 nm associated with the Rayleigh anomaly of the air interface,
the spectral position of which is independent of the TNC base diameter. Small peaks are
observable at the onset of the LSP, at 616 nm. These are also independent of the TNC base
diameter, and are a result of the Rayleigh anomaly at the fused-silica interface. There is
no distinctive Fano-like lineshape due to the limited spectral overlap with the LSP when
operating at normal incidence.
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Figure 5: Comparison of the transmission spectra at normal incidence for different base
diameter TNC arrays. The insets show the dependence of the wavelength of minimum
transmission as function of base diameter.
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Finite-element simulations
We use the COMSOL R  Multiphysics 5.4 software to evaluate the magneto-optical properties
of the magneto-plasmonic nanostructures considered in the paper. COMSOL R  uses finite
element methods to solve the following Maxwell equation:
r⇥ r⇥E (r)
µr
  !
2" (!)
c2
E (r) = 0, (4)
where " (!) is the dielectric function of the material. In the case of magnetic materials the
dielectric function is a 3⇥3 tensor. Assuming that the magnetization is along the z direction,
the dielectric function reads:
" (!) =
0BBBB@
"xx (!)  "xy (!) 0
"xy (!) "xx (!) 0
0 0 "xx (!)
1CCCCA , (5)
where the off diagonal components are responsible for the magnetic circular dichroism
(MCD). Values of the diagonal and off-diagonal components of the permitivity tensor used
in these simulations were measured from a suitably thick Tb18Co82 film, as described in the
Ellipsometry section of the Supporting Information.
In Equation 4, a harmonic time dependence has been assumed for the electric field:
E (r, t) = E (r) exp (i!t). Since we are working in the optical regime, it is a good ap-
proximation for metals to neglect the response of the electrons to external magnetic fields,
i.e. µ = µ0. The magnetic induction is therefore obtained from the Faraday equation:
B (r) =  r⇥E (r) /(i!).
7
Figure 6: The magneto-plasmonic
TNC structure modeled in
COMSOL R .
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Figure 7: Normalised absorption spectrum
calculated with COMSOL R  for the TNC lat-
tice based on the structure pictured in Figure
6. The incident light propagates in the z di-
rection (↵i = 0) with the electric field either
along x ( i = 0) or along y ( i = ⇡/2).
Transmission spectra simulations
The magneto-plasmonic nanostructure simulated in COMSOL R  is depicted in the Figure 6,
which consists of a truncated Tb18Co82 cone on top of a truncated gold cone. These are
periodically arranged on a glass substrate with a refractive index nsub = 1.45. Following
the experimental data, the periodical lattice is rectangular with dimensions: b = 425 nm ⇥
a = 340 nm. The Au layer is 80 nm thick with a base diameter of 179 nm and a truncation
diameter of 101 nm. The magnetic Tb18Co82 layer is 15 nm thick with a truncation diameter
of 86.3 nm. We have implemented the frequency dependent dielectric functions for Tb18Co82
obtained from experimental measurements, (see Figures 2-3). For gold we took the values
given by Johnson and Christy6.
In the simulation, the magneto-plasmonic TNC is interacting with p-polarised light. Flo-
quet periodic boundary conditions are used to simulate the lattice periodicity. We consider
two different configurations. In the first configuration, the incident light propagates in the
x  z plane ( i = 0 deg) with an incident angle ↵i with respect to the z axis. In the second
configuration, the incident light propagates in the y  z plane ( i = 90 deg) with an incident
angle ↵i with respect to the z axis. Here, the directions x and y denote, respectively, the
8
small and large lattice directions. The incident electric field (Einc) is described by:
Einc = E0
0BBBB@
cos↵i cos i
cos↵i sin i
sin↵i
1CCCCA exp [i ( k0 (x sin↵i cos i + y sin↵i sin i   z cos↵i) + !t)] , (6)
where k0 = 2⇡nair/  corresponds to the light wave-vector in the air (nair = 1). In Fig. 7, we
plot the absorption cross section of the magneto-plasmonic lattice structure calculated with
COMSOL R  using linearly polarised light at normal incidence (↵i = 0). The maximum of
absorption corresponds to the excitation of localized surface plasmon (LSP) in the truncated
gold structure. We observe that the excitation of the LSP along the 340 nm lattice direction
is red-shifted compare to the 435 nm lattice direction. This is caused by dipole-dipole
interactions7,8 that are different for the  i = 0 deg and the  i = 90 deg configurations.
Due to the nanometric structure of the lattice, the light can be diffracted in different
directions. The number of diffracted directions or modes leading to constructive interference
is very large, and the different modes are labeled by two integers n and m. Most of the
modes stay close to the surface of the lattice with only few of them excited at the substrate.
As discussed in the main text, the criteria for these modes is that the component of the light
wave-vector normal to the lattice surface is real:
k? =
q
k2s  
 
kk +mG1 + nG2
 2
> 0. (7)
In the above formula, ks = 2⇡nsub/  corresponds to the light wave-vector in the substrate,
kk = k0 [sin(↵i) cos( i) ux + sin(↵i) sin( i) uy] corresponds to the wave-vector component
parallel to the lattice surface and G1 = 2⇡/a ux, G2 = 2⇡/b uy are the reciprocal lattice
vectors.
In Figure 8, we plot the number of diffracted modes that fulfill Equation (7) as a function
of the light wavelength and the angle of incidence ↵i. We notice that only a few number of
9
diffraction modes (m ; n) are propagating, especially for large wavelengths where only one
mode (m = 0 ; n = 0) is allowed. The latter corresponds to the normal refracted light mode
given by the Snell-Descartes law. As expected, the number of diffracted modes increases
when the light wavelength decreases. Moreover, the number of diffracted modes strongly
depends on the propagation direction of the incoming light. In the case of an electric field
with a parallel component along the 340 nm lattice direction ( i = 0), there is almost no
dependence in the incident angle ↵i for frequencies above 700 nm. On the contrary, for the
425 nm direction ( i = 90 deg), the number of diffracted modes is changing between 1 and
2 above 700 nm with a separation line that is almost linear with the incident angle ↵i. This
behaviour can also be observed in the  i = 0 configuration, but for shorter wavelengths.
The separation line corresponds to the addition of the diffracted mode (n = 0 ; m =  1)
for  i = 0 deg and (n =  1 ; m = 0) for  i = 90 deg and can be obtained analytically from
Equation (7):
 
[0, 1]
R = a [nsub + nair sin (↵i)] for  i = 0
 ,  [ 1,0]R = b [nsub + nair sin (↵i)] for  i = 90
 ,
(8)
where the linear relation between   and ↵i is recovered for small angles.
The experimental transmission spectra presented in Figure 1 of the main text shows a
strong anisotropic angular dependence, which we were able to reproduce and to understand
from the COMSOL R  simulations.
Comparing Figure 7 and the transmission spectra in Figure 1 of the main text, we observe
that the minimum of transmission occurs at the maximum of the absorption spectrum,
precisely where the LSP modes are strongly excited. However, it is also clear that the
maximal attenuation of the transmission occurs when there are no diffracted modes, other
than the mode (n = 0 ; m = 0).
This type of behavior has been discussed in several papers7,9,10 and originates from a
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Figure 8: Number of diffracted modes propagating across the substrate as a function of the
incident angle ↵i and light wavelength for a rectangular lattice (340 nm ⇥ 425 nm). Two
different configurations are shown. In the left panel kk is along the short lattice direction
a = 340 nm, whereas in the right panel kk is along the long lattice direction b = 425 nm.
Fano coupling between LSP and surface lattice diffraction modes. A complete discussion
can be found in the review paper by Kravets et al. 8 . When one of the diffracted modes
travel exactly along the lattice surface at a frequency close to the LSP resonance, then the
latter interacts with many plasmonic nanostrucutures, thus enhancing the energy transfer
from the light to the LSP. However, if the diffracted mode does not stay close to the lattice
surface but instead activates through the substrate, then it is no longer contributing to LSP
excitation. As a consequence, we expect a relative reduction in the extinction cross section
and an increase of the transmission.
This explains why the transmission curves for  i = 0 deg are almost independent of ↵i,
because in this particular configuration there is no overlap between the LSP mode and the
lattice diffraction modes. On the contrary, for  i = 90 deg, there is an overlap between
the LSP mode and a lattice diffraction mode which causes the red-shift and the increase in
amplitude of the transmission spectra.
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Near field calculations around the TNC
It is well known that a dipole can not radiate along the dipole axis. As such, the excitation
of the  [ 1,0]R for the   = 90 deg configuration would seem incompatible for p-polarised light
since the in-plane compnent of the incident light field would induced a dipole oscillation
parallel to the  [ 1,0]R mode. The near field maps of the TNC (Figure 9) show that with
oblique incidence light there exists and enhancement of the E-field around the tip of the
TNC. This is indicative of an out-of-plane component to the induce electric dipole in the
TNC. This out-of-plane component is capable of exciting all in-plane modes, e.g. [-1,0], [0,-1]
and [-1,-1] modes.
20 degs
0 degs
Incident wavelength = 600 nm
Figure 9: Near field maps of the E-field magnitude in the local vicinity of the TNC under
illumination at incidence angles ↵i =0 and 90 degs (top and bottom rows, respectively)
for a 600 nm wavelengths. The red rectangle emphasises the field enhancement at the tip
associated with the oblique incidence of the incident E-field.
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Faraday spectra simulations
Enhancement and tunability of magneto-optical Faraday effects have been observed in our
experimental data. In our COMSOL R  simulations, magneto-optical effects are examined by
computing the ratio between the small and the large component of the electric field. The
latter are obtained from the following formulas:
⇥F =
R
⌦
arctan ( Ey/Ex) dVR
⌦
dV
for  i = 0, ⇥F =
R
⌦
arctan (Ex/Ey) dVR
⌦
dV
for  i = 90 , (9)
where the integral is performed over a finite volume in the substrate located between 2.5 µm
and 3 µm far away from the magneto-plasmonic structures. The magneto optical Faraday
effect ⇥F = ✓F + i⌘F can be decomposed into two different effects: The Faraday rotation
✓F = < (⇥F ) and the Faraday ellipticity ⌘F = = (⇥F ) which correspond, respectively, to a
rotation of the polarisation plane and to a measure of the light ellipticity. Faraday effects
originate from differences in the propagation between circular right and circular left polarised
light. Such differences appear when light interacts with chiral structures or with magnetic
materials.
In the experiments, the magnetization of Tb18Co82 is controlled by an external magnetic
field and is either saturated in the +z or  z direction. In our COMSOL R  simulations,
magnetization reversal is included in the dielectric function of the material:
" (!) =
0BBBB@
"xx (!)  Ms"xy (!) 0
Ms"xy (!) "xx (!) 0
0 0 "xx (!)
1CCCCA , (10)
where Ms = { 1, 1, 0} corresponds, respectively, to a magnetization in the +z direction, in
the  z direction and to no magnetization.
We have encountered some convergence problems when calculating the magneto-optical
Faraday effects in COMSOL R . In Figure 10, we plot the Faraday rotation in the following
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Figure 10: COMSOL R  simulations: Fara-
day rotation as a function of the mesh
size for different magnetic configurations
Ms = { 1, 0, 1} and different light wave-
length   = {650 nm, 700 nm, 750 nm}.
The incident light is along the 425 nm lat-
tice direction ( i = 90 deg) and at normal
incidence (↵i = 0 deg).
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Figure 11: COMSOL R  simulations: Dif-
ference between the Faraday rotation cal-
culated in Fig. 10 with a magnetization
in the +z direction (Ms = 1) and in the
 z direction (Ms =  1) as a function of
the mesh size.
configuration ↵i = 0 and  i = 0 deg for different wavelengths and for different magnetization
states of Tb18Co82 as a function of the mesh size. Surprisingly, we were not able to make
the calculation converge by decreasing the size of the mesh. We expect that the Faraday
rotation should goes to zero for Ms = 0 for all wavelengths, because there should be no
physical differences between circular right and circular left propagating light, but we instead
observe no clear dependence on the mesh size. We could not clearly determine the origin of
this behaviour, but we suspect that it is due to the fact that the meshing is not chiral even if
the structure is. Nevertheless, we can still make use of this data, because we observe that the
change in optical rotation upon magnetization reversal is in fact converged. In the Figure
11, we plot the difference between Ms = +1 and Ms =  1. We notice that the difference is
converged up to 0.005 deg, which is more than sufficient accuracy for comparison with the
experimental data, which is nearly two orders of magnitude larger. Therefore, to compute
the magneto-optical Faraday effects, we take a maximal mesh size of 50 nm and we subtract
the Ms =  1 from the Ms = +1 simulations to remove the mesh contribution.
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Figure 1: a) Schematic representation of the TNC array and resulting Faraday rotation (θF)
and ellipticity (ηF) of the transmitted light. The Rayleigh anomaly, excited at λ
[n,m]
R (αi), is
depicted by the laterally excited beam associated with the passing-off of the diffraction order.
Below are schematic representations of the TNC lattice for the two azimuthal orientations (φi
= 0 and 90◦) with respect to the incident light polarisation (Ei) and scattering plane, with
pE denoting the orientation of the electric dipolar plasmon in the individual TNCs. b),c)
Calculated transmission spectra for incidence angles from 0 - 20 degrees, with the scattering
plane orientated along the 340 nm periodcity (left column) and the 425 nm periodicity (right
column). d), e) Measured transmission spectra for the DB = 179 nm TNC array, with a
scanning electron microscopy figure inset of the TNC array. f), g) Same as d), e) but for the
DB = 227 nm TNC array.
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Figure 2: Spectral dependence of Faraday effect as calculated in COMSOL R© for a DB =
179 nm TNC array (left column), as measured for the DB = 179 nm TNC array (middle
column) and as measured for the for a DB = 227 nm TNC array. a) – c) ΘF for the φi = 0
configuration. d) – l) Spectral dependence of θF (d) – f)), ηF (g) – i)) and ΘF (j) – l)), for the
φi = 90 configuration. A quadratic polynomial has been fitted to the θF measurements and
subtracted to remove the background contribution which arises from the Faraday rotation of
the fused-silica substrate, which is strongest for short wavelengths and approaches zero with
increasing wavelength. Schematics on the left hand side depict the TNC array orientation
with respect to the scattering plane and incident polarisation (Ei) for the φi = 0 and 90
configations. The orientation of the electric dipolar plasmon is depicted by pE and the
spin-orbit induced magneto-optical dipolar plasmon orientation is depicted by pMO.
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Figure 3: a) Hysteresis loops recorded at a wavelength of 730 nm demonstrating how the
magnitude and sign of the Faraday ellipticity (ηF) can be controled through the incidence
angle (αi). The inset shows a magnified view of the ηF for αi = 0 (blue circles), 10 (red
diamonds), and 15 degrees (yellow triangles). The dashed vertical line indicates the 730 nm
wavelength where the hysteresis loops in the main figure were recorded. b) The change in
Faraday ellipticity (δηF) between successive wavelengths. Following the onset of the SLM,
there is an abrupt change in light ellipticity which is associated with a maximum in δηF.
The peaks have been fitted with Lorentzian peak functions.
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a) b)
Figure 4: a) Spectral dependence of the Cqω/C◦ signals, where q = +M or -M for the solid
and dashed curves respectively. Cqω is related to the total circular dichroism for a particular
magnetization state, containing both magnetic and non-magnetic contributions. b) The
amplitude of the magnetic modulation of the helicity dependent transmission as function
of both wavelength and αi, which relates to the difference between the solid and dashed
curves in Figure 4 a). The dashed white line indicates the expected location of the Rayleigh
anomaly calculated from Eq. (3).
40
